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Trypsin (E.C. 3.4.21.4), an archetypal serine protease, has been discovered in many 63 organisms ranging from bacteria to mammals (1). Bovine trypsinogen, as a representative, has 64 been well studied (2, 3) and function through the cleavage of an N-terminal hexapeptide 65 (VDDDDK) by auto-activation (4) or hydrolyzation with enterokinase (5). In addition, 66 previous studies have shown that four unusual aspartyl residues (DDDD) in trypsinogen are 67 strictly conserved in mammals, including humans, and may have arisen by selective pressure 68 during the course of evolution. In comparison, although activation of the bacterial 69
Streptomyces griseus trypsinogen also involved removal of the propeptide (APNP), the 70 enzymatic mechanism was considered to be different to mammalian trypsinogen (3, 6). Since 71 1970s, the amino acid sequence, open reading frame and crystal structure of S. griseus trypsin 72 have been solved (7-10). However, the activation mechanism of S. griseus trypsinogen 73 remains poorly understood. In 1990s, Kim et al deduced that S. griseus trypsin consists of 74 three parts according to its protein amino acid sequence and activation of S. griseus 75 trypsinogen was non-autocatalytic (8). Recently, we have successfully overexpressed S. 76 griseus trypsin in Pichia pastoris (11) by including four residues (YVEF) at N-terminus ( Fig.  77   1A ) . The four residues were inserted by digestion with restriction enzymes SnaBI and EcoRI, 78 and cleavage of the α-factor signal peptide by peptidases . However, 79 no activity was detected when substituting the native propeptide with mammalian trypsinogen 80
propeptide VDDDDK or its mutant VDDDDD (11). Recently, many short synthetic 81 amphiphilic peptides were discovered, designed and used for improving enzyme properties 82 (15) (16) (17) . Therefore, artificial modification of the N-terminal propeptide represents a suitable 83 alternative for enzyme engineering. 84
In the past decade, computational methods for protein simulation and analysis have been 85 developed and exploited, which in turn has promoted protein research by combining such data 86 with in vitro experimental verification (18) (19) (20) . In particular, when the crystal structure of the 87 target protein is not available, a computer modeling method can be indispensable for 88 determining the protein conformation. Currently, the S. griseus trypsinogen crystal structure 89 has not been resolved. Therefore, computer-aided modeling should offer key information that 90 further directs rational engineering. 91
Applying S. griseus ATCC 10137 genome as the template, the fragments encoding 92 trypsinogen or trypsin ( Fig. 1) were amplified with designed oligonucleotides (Table S2) and 93 subcloned into pPIC9k (Table S1 ), which is controlled by the AOX1 promoter and the α-factor 94 signal peptide from Saccharomyces cerevisiae (Fig. 1A ). All the recombinants constructed 95 (Table S1) were further confirmed by PCR amplification (Fig. S1 ) and trypsin activity was 96 measured as described previously (11). As shown in Fig. 2 , the recombinants Exmt, ExYmt 97 and mt accumulated trypsin to 0.6 U ml , respectively. 98
However, the recombinants that contained a proline residue showed no activity, despite the 99 observation of expression and secretion (Fig. 5A ). The difference between recombinants 100
ExPmt and ExYmt as well as Pmt and mt suggested that the proline was vital to the inhibition 101 of trypsin. Moreover, compared with mt, the recombinants Exmt and ExYmt accumulated 102 higher titers of trypsin (Fig. 2) . 103
To study the inhibition mechanism of the native propeptide towards the S. griseus 104 trypsinogen, especially the role of the residue proline, we carried out molecular dynamics. 105
Molecular dynamics (21) of the recombinants were simulated by the NAMD software with 106 the charmM force field (http://www.ks.uiuc.edu/Research/namd) and comparatively analyzed 107 with the active S. griseus trypsin (PDB ID: 1SGT). Total electrostatic energy in a Particle 108
Mesh Ewald periodic box was calculated by Ewald summation method and the whole system 109 was minimized using the descent method plus the conjugate gradient method. As shown in 110 trypsin. In contrast, although ExPmt, APNPmt or Pmt were found to be expressed (Fig. 5A) , 116 their structures did not resemble the crystal structure (Fig. 3 C, E and F) . Consequently, it 117 could be concluded that the propeptide, especially proline, affected the formation of disulfide 118 bonds and H-bonds, which eventually resulted in a native inactive trypsinogen. In contrast, 119 both Exmt (YVEF) and ExYmt (YVEFY) were actively overexpressed. Furthermore, 120 compared with the native trypsin, the recombinants Exmt and ExYmt appeared much more 121 flexible presumably because of the missing disulfide bond (Fig. 3 A, B, D ) is important for active trypsin. In comparison with the native trypsin, 129 the recombinants contained fewer H-bonds and ion pairs, which indicated the profound 130 influence of the N-terminal propeptide (Table S3) . 131
After exploring the inhibitory mechanism of the propeptide, we evaluated the 132 significance of the three factors identified above. First, we designed and constructed four 133 different recombinants YVEImt, RVEFmt, RIRImt and YVERmt (Fig. 1C) (Fig. 4A,  136 on October 15, 2017 by guest http://aem.asm.org/ Downloaded from 4B). However, no activity of YVEImt and RVEFmt was detected (Fig. 4F) , although secretory 137 expression was observed (Fig. 5B) . In contrast, the recombinants RIRImt and YVERmt 138 exhibited clear activity (0.29 U ml −1 and 0.22 U ml −1
, respectively) (Fig. 4F) . Consequently, 139
by comparing the results of in silico simulations and in vitro experiments, it could be 140 concluded the formation of the H-bond between residues H 57 and D 102 is essential for trypsin 141 activity. Subsequently, we further designed a novel peptide IVEF and fused it at the 142 N-terminus of the native trypsin (Fig. 1C) . By in silico simulation, the recombinant IVEFmt 143 (Fig.  144   4E) , which indicated the expressed protein would be active. As predicted, the recombinant 145
IVEFmt was overexpressed (Fig. 5B) and a remarkable activity of 1.45 U ml −1 was obtained 146 (Fig. 4F) . Compared with parameters between the native trypsin and the recombinant IVEFmt, 147
we found that although H-bonds and ion pairs decreased in the recombinant IVEFmt, 148 π-interactions and the proportion of the random coil increased, which may give the 149 recombinant IVEFmt more flexibility (Table S3) . 150
In conclusion, by applying the in silico simulations and in vitro experimental, we 151 explored the inhibitory mechanism of the propeptide to the S. griseus trypsinogen and 152 interpreted the crucial role of the proline. The disulfide bonds and H-bonds were found to be 153 the major factors involved in trypsin regulation. 
